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In this work, we are in  ter  ested to sim  u  late the ther  mal-hy  drau  lic be  hav  ior of
three-pass type fire-tube boiler. The plant is de  signed to pro  duce 4.5 tons per hour of
sat u rated  steam  at  8  bar  des tined  prin ci pally  for  heat ing  ap pli ca tions.  A  cal cu la tion
pro  gram is de  vel  oped in or  der to sim  u  late the boiler op  er  a  tion un  der sev  eral
steady-state op  er  at  ing con  di  tions. This pro  gram is based upon heat trans  fer laws be  -
tween hot gases and the fire-tube in ter nal walls. In the boiler com bus tion cham ber, the 
heat trans  fer has been sim  u  lated us  ing the well-stirred fur  nace model. In the con  vec  -
tion sec  tion, heat bal  ance has been car  ried out to es  ti  mate the heat ex  changes be  tween
the hot gases and the tube banks.
The ob tained re sults are com pared to the steady-state op er at ing data of the con sid ered
plant. A com  par a  tive anal y sis shows that the cal cu la tion re sults are in good agree  ment
with the boiler op er at ing data. Fur ther more, a sen si tiv ity study has been car ried out to
as  sess the ef  fects of in  put pa  ram  e  ters, namely the fuel flow rate, air ex  cess, am  bi  ent
tem per a ture,  and  op er at ing  pres sure,  upon  the  boiler  ther mal  per for mances.
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 INTRODUCTION
Fire-tube boiler is the orig  i  nal boiler de  sign
which brought the tide of power to the ma  rine world.
This type of boiler was used in driv  ing steam en  gines,
lo co mo tives, and in ma rine ap pli ca tions, such as in the
river boats. In the past few years, im  prove  ment in
boiler de signs and more ef fi cient fire-tube lay out have
re  sulted in more com  pact, less costly pack  ages which
are more ac  ces  si  ble for clean  ing and in  spec  tion [1].
Sev eral  nu mer i cal  and  ex per i men tal  in ves ti ga -
tions [2-6] have been per  formed to un  der  stand the
ther mal-hy drau lic  char ac ter is tics  in  con ven tional
steam boil  ers. In the past, tra  di  tional meth  ods re  lied
heavily  on  ex pen sive  ex per i men ta tion  and  the  build -
ing of scaled mod els, but now a more flex i ble and cost
ef  fec  tive ap  proach is avail  able through greater use of
math e mat i cal  mod el ling  and  com puter  sim u la tion.
The re  cent ad  vances in the com  puter tech  nol  ogy have
made it pos si ble to per form com plex cal cu la tions ef fi -
ciently and even faster than real time. The mod  el  ing
and sim  u  la  tion of fire-tube boil  ers has reached re  -
mark able  de vel op ment,  through  the  ap pli ca tion  of
CFD tech niques [7, 8] and other ad vanced ther mal-hy -
drau  lic sys  tem codes [9].
Fire-tube boil  ers are named so be  cause the com  -
bus  tion flames and flue gases cir  cu  late in  side the boiler
tubes. They can be pow ered by gas, oil, or solid fuel. Ac -
tu  ally, fire-tube boil  ers are used widely for in  dus  trial,
com mer cial  steam  and  hot  wa ter  gen er a tion.  Mod ern
fire-tube boil  ers can pro  duce steam at the pres  sure of up
to 25 bar (1 bar = 100 kPa), and through-puts up to about
25 tons per hour [10]. Pack  aged fire-tube boil  ers are se  -
lected due to the fol  low  ing ad  van  tages [11]:
– space re  quire  ments for these units are fre  quently
less than that for other types due to their com  pact
de  sign and low head  room needed,
– they re quire no spe cial foun da tion like ma sonry or 
re frac tory  set ting,
– large di  am  e  ter shells al  low greater steam stor  age
space and steam re  leas  ing area,
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mag_phy@ya hoo.fr  (A.  Rahmani)– large wa  ter con  tent pro  vides large steam  ing ca  -
pac  ity for the space oc  cu  pied which is ex  cel  lent
for pro cess load ap pli ca tions that re quire quick re -
sponse to load de  mands,
– this  de sign  pro vides  sim plic ity  in  re mov ing  scale
and  silt  pre cip i ta tion,  and
– at the max  i  mum load, these units can at  tain more
than 80% of the ther  mal ef  fi  ciency.
Due to long-time use, fire-tube boil  ers may un  -
dergo a se  ries of deg  ra  da  tion pro  cesses that could ex  -
pose the sys  tem struc  tural in  teg  rity to se  ri  ous haz  ard
and, con  se  quently, huge eco  nomic and hu  man life
losses could oc  cur [12, 13]. Mi  cro-struc  tural and me  -
chan i cal anal y sis shows that [14] un der pro longed use
of the fire tube or se vere op er at ing con di tions, ma te rial 
deg ra da tion  and  embrittlement and struc  tural changes
may  oc cur.  There fore,  a  ther mal-hy drau lic  mod el ing
of a fire-tube boiler can be a help ful tool in de fin ing the 
op ti mal  op er at ing  con di tions  in  or der  to  keep  the  in -
teg  rity of the steam gen  er  a  tor.
The main ob  jec  tive of this study is to elab  o  rate a
cal cu la tion  pro gram  in  or der  to  sim u late  the  ther -
mal-hy  drau  lic be  hav  ior of a three-pass fire-tube steam
boiler  un der  var i ous  op er at ing  con di tions.  A  com puter
cal cu la tion  has  been  per formed  in  or der  to  in ves ti gate
the  heat  trans fer  char ac ter is tics  be tween  the  com bus -
tion gases and the sat  u  rated wa  ter sur  round  ing the fire
tubes. A brief de  scrip  tion of the boiler de  sign and the
gen  eral as  pects of heat trans  fer in each part are given.
The cal  cu  la  tion of heat trans  fer in boil  ers is usu  ally
based on the coarse ap  prox  i  ma  tion of the tem  per  a  ture
and emissivity in the com  bus  tion cham  ber [4]. There  -
fore, a set of sim pli fi ca tions may be con sid ered in or der
to re  duce the ran  dom  ness and the com  plex  ity of the
boiler ge  om  e  try. The boiler is mod  eled in three zones.
The first zone rep  re  sents the ra  di  a  tion sec  tion (or fur  -
nace), and the sec  ond and the third zones are used to
sim u late  the  con vec tion  sec tion.  Each  zone  rep re sents
iso ther mal  gas  vol umes  en closed  by  iso ther mal  sur -
faces. The well-stirred fur  nace model is used to sim  u  -
late the heat trans  fer char  ac  ter  is  tics in the boiler com  -
bus  tion cham  ber. In the con  vec  tion sec  tion, the heat
trans  fer is cal  cu  lated through the heat bal  ance be  tween
the hot gases and the tube banks heat exchanger.
The mod el ing val i da tion has been made by com -
par ing  the  cal cu lated  gas  tem per a tures  ex it ing  the
boiler with the mea  sured ones for sev  eral steady-state
op er at ing  con di tions.  In  ad di tion,  a  qual i ta tive  anal y -
sis has been made in or  der to an  a  lyze the ef  fect of the
op  er  a  tional pa  ram  e  ters: the fuel flow rate, air ex  cess,
am bi ent  tem per a ture,  and  op er at ing  pres sure  on  the
boiler  ther mal  per for mances.
BOILER  DE SCRIP TION 
The stud  ied unit is a sin  gle fur  nace, three-pass
fire-tube boiler. It be  longs to the COCHRAN
Wee-Chief  tain boiler fam  ily. Heavy gas-oil fuel is
burned to pro  duce 4.5 tons per hour sat  u  rated steam
used for steam heat  ing ap  pli  ca  tions [15]. Fig  ure 1
shows a cross-sec  tion of a typ  i  cal fire-tube boiler ar  -
range ment.  It  con tains  sev eral  hor i zon tal  fire-tubes
mounted in a pres  sure shell that is par  tially filled with
wa  ter cov  er  ing the tubes [16, 17].
From the heat trans  fer point of view, it con  sists
mainly of two parts: the ra  di  a  tion sec  tion and the con  -
vec tion sec tions. The ra di a tion sec tion, also known the 
first  pass,  is  a  hor i zon tal  cy lin dri cal  fur nace  cham ber
within which the fuel is burned and heat is gen  er  ated.
Heat trans fer within the ra di a tion sec tion is per formed
mainly by ra di a tion, al though con vec tion may con trib -
ute to less than 10% [18]. The con vec tion sec tion tubes 
are ar  ranged as hor  i  zon  tal tube banks lo  cated above
the com  bus  tion cham  ber, and they re  cover ad  di  tional
heat from the fur  nace gases at a lower tem  per  a  ture
level better than the ra di ant sec tion tubes. All the tubes
are sur  rounded by wa  ter which ab  sorbs the heat
enough to change into a va  por state [19].
The prin  ci  pal mode of heat trans  fer in this sec  -
tion is con  vec  tion. Fuel and air are forced into the fur  -
nace by the burner to pro duce heat. From there, the hot
flue gases travel through out the boiler tubes. The num -
ber of tubes in each pass is se  lected to give sim  i  lar ve  -
loc  i  ties in each pass. Be  cause of the forced-draft fan,
the boiler is pres sur ized, and there may be a slight pos -
i  tive pres  sure at the flue gas out  let [19]. This also per  -
mits higher gas ve  loc  i  ties in the unit. The com  bus  tion
gases flow out of the ra di a tion sec tion to ward the con  -
vec  tion sec tion, cross ing the sec  ond and the third pass
and fi  nally es  cape by the chim  ney to the at  mo  sphere.
The main geo  met  ric spec  i  fi  ca  tions of the steam boiler
are pre  sented in tab. 1.
BOILER  MOD EL ING
The mod el ing pro ce dure con sists of sub di vid ing
the boiler in three con  trol vol  umes, each one rep  re  -
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Fig ure  1.  Sche matic  rep re sen ta tion  of  a  typ i cal  3-passes
fire-tube boiler [10]sent  ing a gas-wa  ter heat exchanger im  mersed in the
sat u rated wa ter as il lus trated in fig. 2. The heat trans fer 
will be con  sid  ered be  tween gas vol  ume and in  ter  nal
sur  faces of the boiler tubes. On these sur  faces, en  ergy
bal ance is es tab lished tak ing into ac count the ra di a tion 
and con vec tion heat trans fer. In the com bus tion cham -
ber the ra  di  a  tive heat trans  fer has been mod  eled us  ing
a well-stirred fur  nace model [10]. At the tube ex  ter  nal
walls, the nu  cle  ate boil  ing heat trans  fer mech  a  nism is
con sid ered.
In or  der to sim  plify the cal  cu  la  tions and re  duce
the num  ber of the vari  ables, a set of sim  pli  fi  ca  tion as  -
sump tions  was  con sid ered:
– the tem per a ture of com bus tion gases is uni form in
the con  trol vol  ume,
– in the con  vec  tive sec  tion, the ra  di  a  tion heat trans  -
fer is ne  glected,
– the heat trans  fer at the re  ver  sal cham  ber, trans  fer
box, and the smoke box is ne  glected,
– the  to tal  ef fec tive  emissivity of the fur nace wall is
con sid ered  to  be  ep = 0.85, and
– the  re frac tory  ther mal  re sis tance  is  es ti mated  at
0.2 m²K/W.
Ra di a tion  sec tion  heat  trans fer 
Well-stirred model de  scrip  tion
The well-stirred (sin gle gas) model is rather gen -
eral and prac ti cal for any com bus tion cham ber con fig -
u  ra  tion and to all fu  els. Due to its gen  er  al  ity, rel  a  tive
sim  plic  ity and pre  dic  tive po  ten  tial, this model is ex  -
ten  sively used for the pre  lim  i  nary de  sign of pro  cess
heat  ers and boiler ra  di  ant sec  tions [10]. In ad  di  tion,
the model may be readily used to in  ves  ti  gate the fur  -
nace ther  mal per  for  mances dur  ing the changes in op  -
er  at  ing pa  ram  e  ters such as fuel flow rate, air pre  heat,
and air ex cess. In the well-stirred model, the fur nace is
mod  eled in three zones, namely, the cen  tral hot gas
zone (the flame and com  bus  tion gases), a heat sink,
and the re frac tory walls. Heat is trans ferred to the sink
sur face by ra di a tion and con vec tion from the hot gases
and  ra di a tion  from  re frac tory  sur faces  [8].
The chem  i  cal re  ac  tion for gas-oil fuel com  bus  -
tion is given in eq. (1), where e is the air ex cess and Qf
is the com  bus  tion re  leased en  ergy
C H O N CO
H O O
21 44 2 2 2
2 2
32 1 376 21
22 32 1203
+ + + ® +
+ + +
( )( . )
.
e
e 2 1 2 ( ) + + e Q N f (1)
The rate of the heat gen  er  a  tion Qf, is re  al  ized by
the fuel com bus tion re ac tion, and it is ex pressed as the
mass flow rate of the com  bus  tion fuel, Mf,  mul ti plied
by its lower heat  ing value (LHV):
Q M LHV f f = (2)
The  adi a batic  tem per a ture,  Tad, re  fers to the the  -
o ret i cal  flame  tem per a ture  as sum ing  no  heat  losses
through the walls [20]. It is com  puted by equat  ing the
lower heat ing value of the fuel to the enthalpy of com -
bus  tion prod  ucts cor  re  spond  ing to a unit mass fuel
T T
Q M T T
M Cp
ad a
f air pr a
g g
= +
+ - ( )
(3)
The mass flow rate of the com  bus  tion gases,
Mg = Mair + Mf, and the spe  cific heat ca  pac  ity, Cpg,
can be com  puted from
   
Cp
C Cp Cp e Cp
M
g
CO H O O N
tot
2 2
=
=
+ + + + 21 22 32 120 32 1
2 2 p . ( )
                                                                         (4)
heat trans  fer from the com  bus  tion prod  uct to the fur  -
nace  in ter nal  walls  by  con vec tion  and  ra di a tion,  as
Q g T T h A T T p ray g pi c p g pi = - + - s( ) ( )
4 4 (5)
where  gray is the to tal trans fer fac tor for ra di a tion from
the gas to the heat sink, which can be eval  u  ated by
g
A
C
ray
T
p g
=
+ -
æ
è
ç
ç
ö
ø
÷
÷
1 1
1
e e
(6)
where C is the frac tion of me  tal lic wall area of the fur -
nace to the to  tal area (C = Ap/At) and ep is the ef  fec  tive
emissivity of the com  bus  tion cham  ber tube wall.
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Ta  ble 1. Phys  i  cal data of the steam boiler
Description Values
Heat generated power [MW] 3.5
Operating pressure [bar] 8.0
Steam generation [t/h] 4.5
Total water amount [m
3] 7.5
Maximum exhaust gas temperature [°C] 240
Furnace length [mm] 2.6
Furnace internal diameter [mm] 825
Furnace external diameter [mm] 837.8
Tube number in the 2 second pass 76
Tube number in the 3 third pass 92
Mean tube length [m] 2.6-3
Tube internal diameter [mm] 53
Tube thickness [mm] 3.5
Fig  ure 2. Nodalization di  a  gram of the steam boilerThe con  vec  tive com  po  nent in eq. (1) can be re  -
for mu lated  as
h A T T
h A
T
T T c p g pi
c p
gp
g pi ( ) ( ) - = -
4
3
4 4
s
(7)
Tgp may be ap prox i mated as the arith me tic mean
tem per a ture of Tg and Tp1. By sub sti tut ing eq. (7) in eq. 
(5), the net rate of heat trans fer in the 1st pass is de fined
by
Q g T T p rc g pi = - s( )
4 4 (8)
where
g g
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T
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c p
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4
3 s
(9)
For lam  i  nar flow re  gime, the con  vec  tive heat
trans fer  co ef fi cient  is  com puted  from  Spang  cor re la -
tion
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Then for fully de vel oped tur bu lent and tran si tion flow, 
the  con vec tive  heat  trans fer  co ef fi cient  is  es ti mated
us ing  Petukhov-Gnielinski  cor re la tion  [21]
Nu g =
-
+ -
+æ
è
ç
ö
ø
÷
é
ë
ê
z
z
8
1000
1 127
8
1
1
2 3
2 3 (Re )Pr
. (Pr )
/
/ D
L ê
ù
û
ú
ú
(11)
where  x = (1.82 Log10 Re – 1.64)
–2. The fur nace in ter  -
nal  wall  tem per a ture  Tpi, is com  puted from
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hw  be ing  the  nu cle ate  boil ing  heat  trans fer  co ef fi cient
cal cu lated  us ing  Gorenflo  cor re la tion  [22]
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The heat trans  fer cal  cu  la  tion is re  fined tak  ing
into ac  count the heat losses through the wall. The heat
loss by con duc tion through the re frac tory wall is given
by
Q U A T T r r r g a = - ( ) (15)
where Ur is the over  all heat trans  fer co  ef  fi  cient from
the gas to the ex  te  rior through the re  frac  tory and Ar is
the area of the re  frac  tory sur  face. There  fore, the to  tal
ex changed power Qg1, from the com bus tion prod uct to 
the fur nace wall as well as the heat trans fer loss may be
ex pressed  as
Q Q Q g p r 1 = + (16)
The gen  eral equa  tion giv  ing the ther  mal per  for  -
mances of the fur  nace can be ex  pressed by a non-di  -
men  sional form [10]
¢
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where re  duced fir  ing den  sity D¢, re duced fur  nace ef  fi -
ciency and the re  frac  tory loss fac  tor L¢loss, is de  fined
[23] as
¢ =
- ¢
D
Q
g T T T
f
s rc ad ad a
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Us ing  the  adi a batic  (fic ti tious)  flame  tem per a -
ture  Tad, the re  duced tem  per  a  tures are de  fined as
¢ = T
T
T
a
a
ad
(20)
¢ = T
T
T
p
p
ad
(21)
The  re duced  fur nace  ef fi ciency  ¢ Qgl, was ob  -
tained by solv  ing the non-lin  ear eq. (17), and then the
new  gas  tem per a ture  Tg was cal  cu  lated by the fol  low  -
ing equa  tion
T T
Q
d
g ad
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¢ æ
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The fur  nace exit tem  per  a  ture is smaller than the
cen tral  hot  gas  tem per a ture  Tg, by an amount DTg. For
a wide range of fur nace type and op er at ing con di tions,
an  em pir i cal  cor re la tion  gives
DT T
d
Q g ad g = - æ
è
ç
ö
ø
÷ ¢ 1
1
(23)
 For most prac ti cal cases, the em pir i cal value of
d = 1.2 is rec om mended [8, 18]. Then, the gas tem per -
a ture ex it ing the com bus tion cham ber Tg1, can be ob -
tained by eq. (24). In fact, this tem  per  a  ture will be
con  sid  ered as the in  let gas tem  per  a  ture for the con  -
vec tion  sec tion
T T T g g g 1 = -D (24)
Con vec tive  sec tion  heat  trans fer
The heat ex  changed rate be  tween the gas flow  -
ing in  side the con  vec  tion tubes and the sur  round  ing
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tion
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For lam i nar re gime, the gas side heat trans fer co -
ef fi cient,  hg, is cal  cu  lated us  ing the Seider-Tate equa  -
tion
Nu g = æ
è
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1 3
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and for tur  bu  lent and tran  si  tion re  gime, the
Dittus-Boelter cor  re  la  tion is used [22, 23]
Nu g =0023
0 8 0 4 . Re Pr
. . (27)
Heat boil  ing trans  fer co  ef  fi  cients on the out  side
of tube banks are greater than those for an in  di  vid  ual
tube. This is due to the va  por bub  bles ag  i  ta  tion en  -
hanc  ing the heat trans  fer. As a re  sult of this, the mean
heat  trans fer  co ef fi cient  of  the  bun dle  is  sig nif i cantly
larger than that of a sin gle tube. Ac cord ing to Gorenflo 
[24] it holds that
h h w ST = +
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where hST is the heat trans  fer co  ef  fi  cient of the low  est
tube row given in eq. (13). The fume gas tem  per  a  ture
ex  it  ing each pass in the con  vec  tion sec  tion is de  ter  -
mined from eq. (29), where Tg,inl and Tg,out are the in let
and the out  let gas tem  per  a  ture in each pass, re  spec  -
tively
T T
Q
M Cp
g,out g,ml
g
g g
= - (29)
RE SULTS  AND  DIS CUS SIONS
Pro gram  val i da tion
The val i da tion of the elab o rated cal cu la tion pro -
gram con  sists in com  par  ing the ob  tained re  sults with
the  plant  data  at  dif fer ent  sta tion ary  op er at ing  con di -
tions of the boiler (tab. 2). The steady-state op  er  at  ing
data have been col  lected by the on-line read  ing from
the boiler. Each steady-state (test) is char ac ter ized by a 
spe  cific op  er  at  ing pres  sure of the steam boiler. The
main  tain  ing of this pres  sure is achieved man  u  ally by
ac tu at ing the main steam out let valve. Ta ble 3 sum ma -
rizes the cal cu lated out let gas tem per a ture, Tg3 and the
mea  sured one in the boiler on 09/03/2008. As can be
seen, good agree  ment with the mea  sured data is ob  -
tained. In  deed, the max  i  mum er  ror in pre  dict  ing the
gas  tem per a ture  was  12.71%.  The  dis crep an cies  are
prob a bly  due  to  sim pli fi ca tions  in tro duced  in  the
model such as the to  tal emissivity of the fur  nace tube
walls, which is a key pa ram e ter in the ex act de ter mi na -
tion of the net rate ra  di  a  tion heat trans  fer. It is also
ob  served that all the cal  cu  lated re  sults are higher than
the mea sured ones. This could be due to the heat trans -
fer at the tran  si  tion be  tween the passes.
Ef fects  of  in put  pa ram e ters
In this sec  tion, a qual  i  ta  tive anal  y  sis is made in
or  der to in  ves  ti  gate the in  flu  ence of the steam boiler
in  put pa  ram  e  ters, namely the fuel mass flow rate, air
ex cess  fac tor,  am bi ent  tem per a ture,  and  sys tem  op er -
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Ta ble  2.  Op er a tion  pa ram e ters  of  the  steam  boiler
Test
No.
Pressure
[bar]
Fuel flow rate
[kg/s]
Air excess
[%]
1 0.5 0.0275 7.1
2 1 0.0275 7
3 1.5 0.0275 7
4 2 0.0275 7
5 2.5 0.0275 7
6 3 0.0275 7
7 3.5 0.0275 6.9
8 4 0.0275 4
9 4.5 0.055 3.8
10 5 0.055 3.8
11 5.5 0.055 3.8
12 6 0.055 3.8
13 6.5 0.055 3.7
14 6.75 0.055 3.7
Ta ble  3.  Com par ing  cal cu lated  re sults  with  mea sured
data
Test
No.
Measured
temperature [°C]
Calculated
temperature [°C]
Error
[%]
1 154 161.2 4.67
2 163 168.71 3.5
3 165 174.86 5.97
4 173 180.11 4.11
5 178 184.72 3.77
6 184 188.85 2.63
7 188 192.6 2.44
8 190 196.16 3.24
9 206 232.19 12.71
10 212 235.03 10.86
11 216 237.69 10.04
12 219 240.2 9.68
13 224 242.57 8.29
14 228 243.7 6.9at ing  pres sure  on  gas  tem per a ture  ex it ing  the  boiler,
ther  mal pow  ers ex  changed, and boiler ef  fi  ciency.
Ef  fect of fuel flow rate
Figures 3, 4, and 5 show that the fuel flow rate
vari a tion  af fects  con sid er ably  the  gas  tem per a ture  at
the steam boiler out  let. An in  crease in the fuel flow
rate in creases the out let gas tem per a ture. This ef fect is
ex  plained by an in  crease in the gas flow rate cross  ing
the con  vec  tion sec  tion. An in  crease of 10% in the fuel
flow rate leads to an in  crease of 15.973% in the gas
flow rate which en tails an in crease of about 7 °C in the
out let  gas  tem per a ture.
Fig ure 6 shows the fuel flow rate ef fect on the ra -
di  a  tion and con  vec  tion ex  changed power in the com  -
bus tion cham ber. It is clear that the heat trans ferred by
ra  di  a  tion is more sig  nif  i  cant than the heat trans  ferred
by con vec tion. Fur ther more, the vari a tion in fuel mass
flow rate does not have an ef  fect on the ra  di  a  tion heat
trans  fer. The fuel flow rate ef  fect on the heat ex  -
changed power in each pass in the boiler is il  lus  trated
in fig. 7. Gen er ally, the flow rate in crease en hances the
heat ex change in ev ery pass. A sig nif i cant heat trans fer 
is ob  served in the sec  ond pass, due to the el  e  vated gas
tem  per  a  ture rel  a  tively to the third pass and due to the
big heat ex  changed area rel  a  tively to the first pass.
Fig ures 8 to 10 show that the steam boiler ther mal ef fi -
ciency de creases with the fuel mass flow rate in creases 
shown in figs. 3 to 5. This de crease is mainly due to the
heat rate dis  si  pated by the ex  haust gases to the at  mo  -
sphere. For in  stance, the in  creases of 10% in the fuel
mass flow rate pro  duce a dim  i  nu  tion of 3 to 9% in the
boiler  ef fi ciency.
Ef  fect of air ex  cess fac  tor
Gen er ally, the ex cess air is used to en sure that the 
com  plete com  bus  tion takes place. In fact, the ex  cess
air is of  ten in  tro  duced to con  trol the gas tem  per  a  ture
and main  tain it within the lim  its set by the ma te ri als in
the sys tem. Figure 5 shows that the air ex cess fac tor in -
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Fig  ure 3. Ef  fect of ex  cess air on the out  let gas
tem per a ture
Fig ure 4. Ef fect of the am bi ent tem per a ture on the out let
gas temperature
Fig  ure 5. Ef  fect of the op  er  at  ing pres  sure on the out  let
gas temperature
Fig  ure 6. Heat ex  changed power vari  a  tion in the
com bus tion  chamberflu ences slightly the out let gas tem  per a  ture. An el e  va -
tion of 1% of the air ex cess in creases the gas flow rate
by about 0.93%, and con  se  quently, weak in  flu  ence on
the con  vec  tive heat trans  fer. In ad  di  tion, the boiler ef  -
fi  ciency var  ies slightly and in  versely with the air ex  -
cess vari  a  tion (fig. 8).
Ef fect  of  am bi ent  tem per a ture
Fig  ure 4 shows that the am  bi  ent tem  per  a  ture in  -
flu ence on the gas tem  per a ture at the steam boiler out -
let is neg li gi ble. The in crease am bi ent tem per a ture en -
hances slightly the boiler ther  mal ef  fi  ciency (fig. 9).
Ef fect  of  op er at ing  pres sure
The boiler op er at ing pres sure in flu ences the wa -
ter  phys i cal  prop er ties,  and  con se quently,  the  boil ing
heat trans  fer. Figure 5 shows that the gas out  let tem  -
per a ture  var ies  pro por tion ally  with  the  sys tem  pres -
sure. For ex am ple, an in crease of 0.5 bar leads to an el -
e  va  tion of 3 °C in the gas tem  per  a  ture. Re  gard  ing the
boiler ef fi ciency,  fig. 10 shows that the vari a tion of the 
op er at ing pres sure does not have a con sid er able ef fect
on the steam boiler ther  mal ef  fi  ciency.
CON CLU SIONS
In this study a sim  u  la  tion of a three-pass
fire-tube steam boiler is per  formed us  ing a com  puter
pro  gram. The mod  el  ing ap  proach con  sists of sub  di  -
vid ing the sys tem in three heat exchangers. The cal cu -
la  tion pro  gram is based upon the gas fuel com  bus  tion
and heat trans fer laws from hot gases to the boil ing wa -
ter.
The  nu mer i cal  pre dic tions  are  com pared  with
the mea sured data re corded from the plant for dif fer ent 
steady-state  op er at ing  con di tions.  The  com par i son
shows that the sim  u  la  tion re  sults agree well with the
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Fig ure 7. Heat ex changed power vari a tion in each pass in
the steam boiler
Fig  ure 8. Ef  fect of ex  cess air on the boiler ef  fi  ciency
Fig ure 9. Ef fect of the am bi ent tem per a ture on the boiler
efficiency
Fig  ure 10. Ef  fect of the op  er  at  ing pres  sure on the boiler
ef fi ciencysteam  boiler  op er a tion  state ments.  The  max i mum  er -
ror in es  ti  mat  ing the gas tem  per  a  ture was found to be
ac cept able  and  the  de vi a tions  with  the  op er at ing  data
are mainly due to sim  pli  fi  ca  tions in  tro  duced in the
model.
A sen  si  tiv  ity study was car  ried out by vary  ing
some key in  put pa  ram  e  ters, such as the air ex  cess fac  -
tor,  am bi ent  tem per a ture,  and  sys tem  op er at ing  pres -
sure. The anal  y  sis shows that the fuel mass flow rate
has a big ef fect on the boiler ther mal be hav ior. The in -
creased mass of the ex  haust gas ma  te  ri  ally low  ers the
boiler ef  fi  ciency, know  ing that higher ex  haust gas
tem per a tures lead to low  op er at ing  ef fi ciency. The  de -
vel  oped pro  gram con  sti  tutes a ver  sa  tile tool for en  gi  -
neers and op er a tors to get use ful ex ploi ta tion in for ma -
tion  and  es ti mate  the  most  ef fi cient  op er at ing
con di tions. How ever, the lim it ing em bed ded hy poth e -
sis could be re  duced es  pe  cially if the tran  si  tion-box,
sit u ated be tween the boiler passes, is mod eled. In ad di -
tion, the fur nace mod el ing can be en hanced with more
ap  pro  pri  ate ad  vanced mod  els, such as the plug-flow
model and multizone fur  nace model [10].
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Ahmed RAHMANI, Ahmed DAHIJA
TERMOHIDRAULI^NO  MODELOVAWE  RAVNOTE@NIH
RADNIH  STAWA  PARNOG  KOTLA  SA  GREJNIM  CEVIMA
U ovom radu nastojimo da simuliramo termohidrauli~no pona{awe parnog kotla sa
grejnim cevima sa tri prolaza. Postrojewe je projektovano da proizvede 4,5 tone na ~as zasi}ene
pare pod pritiskom od 8 bar, uglavnom namewene za grejnu primenu. Razvijen je ra~unarski pro gram
sa ciqem da opona{a rad kotla u nekoliko ravnote`nih radnih stawa. Pro  gram se zasniva na
zakonima prenosa toplote izme|u vrelih gasova i unutra{wih zidova grejnih cevi. U lo`i{tu
kotla, prenos toplote opona{an je kori{}ewem modela pe}i sa dobrim me{awem. U konvekcionoj
deonici, sproveden je bilans toplote radi procene izmene toplote izme|u vrelih gasova i blokova
cevi.
Dobijeni rezultati upore|eni su sa ravnote`nim radnim podacima razmatranog postrojewa.
Komparativna analiza pokazuje da se rezultati prora~una dobro sla`u sa radnim podacima kotla.
Osim toga, izvedena je studija osetqivosti radi procene uticaja ulaznih parametara – brzine toka
goriva, vi{ka vazduha, tem  per  a  ture sredine i radnog pritiska – na termi~ke karakteristike
kotla.
Kqu~ne re~i: termohidrauli~no modelovawe, parni kotao sa grejnim cevima, prenos toplote
jjjjjjjjjjjjjjjjjjjjjjjzra~ewem